Abstract: During the day, hummingbirds quickly metabolize floral nectar to fuel high metabolic demands, but are unable to feed at night. Though stored fat is the primary nocturnal metabolic fuel, it has been suggested that hummingbirds store nectar in their crop to offset fat expenditure in the night or to directly fuel their first foraging trip in the morning. We examine the use of crop-stored sugar in the nocturnal energy budget of ruby-throated hummingbirds (Archilochus colubris) using respirometry and 13 C stable isotope analysis. Hummingbirds were fed a 13 C-enriched sugar solution before lights-out and held in respirometry chambers overnight without food. Respirometry results indicate that the hummingbirds metabolized the sugar in the evening meal in less than 2 h, and subsequently primarily catabolized fat. Breath stable isotope signatures provide the key insight that the hummingbirds converted a substantial portion of an evening meal to fats, which they later catabolized to support their overnight metabolism and spare endogenous energy stores. These results show that the value of a hummingbird's evening meal depends on how much of this energy was converted to fat. Furthermore, this suggests that evening hyperphagia is an important energy maximization strategy, especially during energetically expensive periods such as migration or incubation.
Introduction
Small birds often face energy balance challenges because they metabolize the energy that they consume at very high rates, are unable to store large amounts of energy rich tissue, and quickly lose heat to their environment [1] [2] [3] . These organisms, such as hummingbirds, are often further energetically stressed at night, when they are unable to feed, often experience low ambient temperatures, and expend energy quickly [3] [4] [5] . Hummingbirds sustain their uniquely high energy requirements using various energy management strategies during both the day and night [6] [7] [8] .
During the day, hummingbirds feed on high-energy floral nectar, hovering at and flying among flowers. They fuel the extremely high energetic demands of this activity by quickly metabolizing ingested sugar [9] [10] [11] [12] . When food becomes unavailable, hummingbirds have the capacity to rapidly switch between exclusively directly oxidizing exogenous carbohydrates and exclusively catabolizing endogenous lipids [11] . At night, hummingbirds are generally not able to feed (though it has been speculated that some may attempt to feed under moonlight [13] ), so they rely on energy stored during the day in order to fuel their metabolism overnight. They may also reduce their overnight energy expenditure by using torpor when they have low energy stores or when it is advantageous to conserve . V co 2 ) to the rate of oxygen consumption ( . V o 2 ), to characterize nocturnal fuel-use in hummingbirds [17, 20, 21, 28] . Since carbohydrate and lipid oxidation consume different amounts of O 2 per molecule of CO 2 produced, RER may be used to indicate what type of substrate is being metabolized, with an RER~1.0 indicating carbohydrate oxidation and~0.7 for lipids [29, 30] . RERs exceeding 1 may reflect lipogenesis, or other factors such as hyperventilation or increase of antioxidant potential, and intermediate values suggest simultaneous metabolism of carbohydrates, proteins, and/or lipids [29] [30] [31] . Studies that have measured the exchange of respiratory gasses in sleeping hummingbirds found ambiguous nighttime RERs, which indicated that the hummingbirds metabolized both exogenous carbohydrate and endogenous lipid stores for a substantial portion of the night [20, 21] . These results are contrary to expectations that fat is exclusively metabolized at night, and are possibly confounded by food availability and low temporal resolution, so exactly how evening hyperphagia is used to fuel nighttime fasts is still unclear [17, 28] . Furthermore, the metabolic fate of an evening meal is not fully illuminated by RER because while it may be used to suggest the classes of substrates being oxidized, these inferences are based on possibly tenuous assumptions and the significance of RER values between or outside the 0.7 to 1.0 range are not fully understood. Additionally, RER does not necessarily identify from where these substrates originate [29, 30] . When RER > 1, this indicates potential for lipogenesis and that not all sugar is directly oxidized; however, it is not clear what proportion of this sugar is used for lipogenesis or is directly oxidized by examining RER alone. By evaluating both RER and the 13 C stable isotope signature of a hummingbird's breath, we would be able to estimate the amount of energy in the last meal that was converted to and later catabolized as fat, and amount of sugar that was directly oxidized.
We coupled respirometry and 13 C stable isotope analysis in order to track the specific metabolic fate of a final evening meal and quantify its contribution to the overnight energy expenditure of ruby-throated hummingbirds (Archilochus colubris). We predicted that to maximize their potential energy gain and spare the maximum amount of lipid stores, the hummingbirds that consumed a large meal prior to lights-out would primarily directly oxidize this crop-stored sugar before metabolizing fat stores as the primary fuel for the rest of the night. Respiratory exchange ratios (RER) and breath stable isotope signatures (δ 13 C) indicate that the hummingbirds metabolized labeled sugar for less than 2 h and converted a portion of the energy in the last meal to fat. In the last 9 h of the night, in addition to catabolizing endogenous fat reserves, they used lipids synthesized from sugars in the last meal Diversity 2019, 11, 9 3 of 12 to partially fuel their metabolism. In general, we suggest that evening hyperphagia is an important energy maximization strategy, especially during energetically expensive periods such as migration.
Materials and Methods

Study Animals
Adult male Archilochus colubris (n = 6; mass range: 3.4-5.9 g) were captured with a modified box trap (drop door trap) in Toronto, ON, Canada, at the University of Toronto Scarborough (UTSC). Captive hummingbirds were housed individually in EuroCage enclosures, measuring 91.5 cm W × 53.7 cm H × 50.8 cm D, in the UTSC vivarium. Once captive, birds were fed ad libitum on a 20% (w/v) solution of a 3:1 Nektar-Plus and sucrose mix (Guenter Enderle, Tarpon Springs, FL, USA). Birds were subjected to a 13-h light/11-h dark photoperiod, with the dark period starting at 21:30 h, and the light period starting at 8:30 h. This photoperiod is reflective of their natural winter photoperiod, as the data were collected in the late winter and early spring; the birds were not in breeding condition during the experimental period. Details of animal husbandry and all experiments were approved by the University of Toronto Animal Care Committee (protocol # 20011649) and permitted by the Canadian Wildlife Service (# CA 0258).
Experimental Protocol
Data collection was conducted in an acrylic enclosure, measuring 10 cm W × 10 cm H × 10 cm D, with a perch available to the hummingbird in a position that it could easily access a feeding syringe. The feeding syringe was attached to a magnet and affixed to the side of the chamber via a magnet on the outside of the chamber. The placement of the syringe was adjusted into a position inaccessible to the hummingbird by moving the magnets, without opening the chamber. An IR sensitive video monitoring camera (YI Home Camera, Yi Technology, China, 2017) was used to track activity patterns while the bird was in the chamber.
Prior to data collection, birds were trained to feed from the adjustable feeding syringe while in the respirometry chamber to ensure that they were willing and able to feed ad libitum during the evening portion of each "fed" trial. Data collection took place between February 2018 and April 2018 between 20:30 h and 9:00 h, one hour before lights-out and 30 min after lights-on. Data collection began in the evening following a 30-min period of food deprivation, which ensured that the hummingbirds would willingly feed in the respirometry chamber. Hummingbirds were hand-fed a 13 C-enriched sucrose solution (δ 13 C exogenous = +24.3 ± 0.2‰, D-Sucrose (Glucose-13C6, 98%, Cambridge Isotope Laboratories, Andover, MA, USA)) immediately before being placed into the respirometry chamber where they were also able to feed on the labeled solution until lights-out, when the feeding syringe was moved to an inaccessible position. The isotopic signature of this acute sugar meal was distinct from that of their maintenance diet (δ 13 C maintenence = −17.5 ± 0.3‰). Fed birds consumed an average of 0.8 ± 0.1 mL of 20% sucrose solution. This meal contained 470.0 ± 55.4 µmol of sucrose and had an energy content of approximately 2651 ± 313 J. Additionally, each bird was subject to a fasted trial, in which they were food deprived in the evening at least 1 h before lights-out. Lights were gradually dimmed for a 30-min period before 21:30 h, remained totally dark for 11 h, and were gradually turned on for 30 min starting at 8:30 h. Air temperature was measured directly outside the chamber via a thermoresistor and ranged from 23-26 • C; although air temperature inside the chamber was not recorded, separate experiments show the inside and outside air temperatures were within 1 • C.
Respirometry
Oxygen consumption and carbon dioxide production rates overnight were obtained via push-flow respirometry using a TurboFOX5 (TurboFOX5; Sable Systems International, Las Vegas, NV, USA). Air was flowed into the chambers through Bev-a-line tubing at a rate of 300 mL/min. The excurrent airstream was subsampled at~100 mL/min. Sub-sampled air first passed through the TurboFOX5's Diversity 2019, 11, 9 4 of 12 water vapour meter module, which measured water vapour pressure (kPa) (TurboFOX5; Sable Systems International). The air was then passed through the integrated carbon dioxide gas analyser (infrared), and subsequently through a column containing indicating Drierite (W.A. Hammond DRIERITE, Xenia, OH, USA) for the removal of water vapour before entering into the oxygen analyser (fuel cell). Analogue voltage output from the thermoresistor, oxygen and carbon dioxide analysers, flow meter, water vapour pressure and in-line barometric pressure sensors were recorded at 1 s intervals over the duration of the trial (13 h) using EXPEDATA software (v. 1.8.4; Sable Systems International) and were recorded on a laptop computer via the on-board A/D converter through the serial output of the TurboFOX5.
Raw data were corrected to standard temperature and pressure and rates of oxygen consumption ( . V o 2 ) and carbon dioxide production ( . V co 2 ), and respiratory exchange ratios (RER) were calculated in Expedata using standard equations ( [30] ; equations 10.6, 10.7, respectively). The rate of oxygen consumption ( . V o 2 ) and the oxyjoule equivalent (sensu Lighton et al. [32] ) were used to calculate the metabolic rate of each 10-min time-period (E rate , J/min), according to the following equation:
where RER bound is the average RER for each 10-min time-period, confined to 0.71 and 1.0;
. V o 2 is the average oxygen consumption rate (mL O 2 /min) of each 10-min time-period; and the oxyjoule equivalent has the units of J/mL O 2 [30] . Total nighttime and substrate-specific energy expenditures were calculated by integrating the metabolic rate (E rate ) over time.
Stable Carbon Isotope Analysis
Carbon stable isotope analysis of the excurrent CO 2 from the chambers, and liquid samples (maintenance diet and sucrose solution) were done using cavity ring-down spectroscopy (Picarro G2201-i Analyzer, Picarro Inc., Santa Clara, CA, USA). For the liquid samples, a 5 µL sample was loaded into a tin capsule (Costech Analytical Technologies Inc., Valencia, CA, USA) with approximately 0.5 mg of celite (Costech Analytical Technologies Inc.), and these samples were combusted using the Combustion Module (Picarro Inc.) connected to the analyzer. To determine exhaled CO 2 stable isotope signature, we directly subsampled excurrent air from the chamber. We report δ 13 C on a per mil (‰) basis relative to the international carbon standard, Vienna Pee Dee Belemnite (VPDB) [33] , where:
Because the sampled air contained a mixture of breath and ambient CO 2 , the isotopic signature of exhaled breath (δ 13 C breath ) was determined through the use of the two-part concentration-dependent mixing model adapted from Phillips & Koch (2002) , such that:
where δ 13 C sample is the isotopic signature of air excurrent from the chamber; δ 13 C ambient is the isotopic signature of ambient air; and f a is the fraction of CO 2 in the sampled air from ambient air [34] . Next, the proportion of expired CO 2 supported by exogenous labelled carbohydrates (f exo ) was calculated as in Welch and Suarez (2007) for each 10-min time-period, such that:
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5 of 12 where δ 13 C breath is the isotopic signature of exhaled breath; δ 13 C endogenous is the average isotopic signature measured during the fasted trial; and δ 13 C exogenous is the isotopic signature of the labeled sucrose solution [35] . This proportion was used to calculate the rate of tracer oxidation (M rate , in µmol/min) of each 10-min time block, such that:
where .
V O 2 is the oxygen consumption rate (mL O 2 / min); n is the number of carbons in the labeled sugar (12); and 22.4 is the amount, in moles, of oxygen in each liter of air at standard temperature and pressure. M rate was then converted to J/min, assuming 1 g of sucrose contains approximately 0.1648 J. Cumulative nighttime and substrate-specific tracer oxidations were calculated by integrating the M rate over time.
Data Processing and Analysis
Expedata was used to temporally align the raw respirometry and stable isotope data, and to perform calculations for
V CO 2 , RER, δ 13 C, δ 13 C breath and f exo (v. 1.8.4; Sable Systems International). R was used to interpolate across baseline periods, perform the energy expenditure and tracer oxidation calculations, and to perform comparative and statistical analyses (R v. 3.4.3; Development Core Team, 2017). We first interpolated across baseline dwells, including three minutes before and after each specific marker placed at the beginning and end of each baseline. The resultant dataset was then aggregated (averaged) into 10-min time periods for each trial, with time 0 starting when the hummingbird took its last feed. Data was interpolated for time points that were missing due to baseline gaps using the 'na.spline' function (R package 'zoo' v1.8-4) with a natural cubic spline.
In order to evaluate the effects of a last meal and body mass on cumulative overnight energy expenditure, a linear mixed effects model was built, using the 'lme' function in the R package 'nlme' (v. 3.1-131), incorporating the availability of a last meal (fed or fasted) and evening body mass as fixed variables, and bird ID as a random variable. The time periods when metabolism was fueled by carbohydrates, lipids, or mixed fuels, and when lipogenesis was occurring, were determined by the average RER of each 10-min period. Time points where RER ≥ 1.0 were categorized as lipogenesis and carbohydrate oxidation, 1.0 > RER ≥ 0.9 were categorized as carbohydrate oxidation, 0.9 > RER ≥ 0.8 were categorized as mixed fuel oxidation, and RER < 0.8 were categorized as lipid catabolism. Though these thresholds do not allow for quantification of fuel types, they allowed for comparisons between periods of primarily one type of fuel usage. The RER ranges were cross referenced with E rate , and M rate to determine energy expenditure and tracer oxidation during the entire night and during each substrate-specific period. These data allowed us to estimate how much of the last meal was metabolized overnight, and the amount of energy in the last meal that was metabolized as either fat or sugar. Data are presented as mean ± standard error, unless otherwise indicated, and significance was taken at α < 0.05.
Results
Energy Expenditure and Respiratory Exchange Ratios
After an initial peak upon being placed in the chambers, metabolic rates (J/min) declined at the time of lights-off and remained stable throughout the night (fed: 10.36 ± 0.09 J/min; fasted: 11.56 ± 0.11 J/min) (Figure 1) . These values reflect normothermic, sleeping metabolisms, as they are similar to the metabolic rates previously measured in resting, post-absorptive, normothermic ruby-throats in the dark (4.707 J/min) [16] , and lower than those of perch-feeding ruby-throats (23.70 J/min) [36] . Video recordings of the birds showed fidgeting throughout the night, further confirming that these birds did not enter torpor on any trials. The average total nighttime energy expenditure (fasted: 7640 ± 481 J; fed: 6806 ± 405 J) were not significantly different between fed and fasted trials, when accounting for body mass as a covariate (p = 0.16). In the fasted trials, overnight RER remained consistently low (0.68 ± 0.02) for the entire night (11.0 h ± 0.0 h). In the fed trials, RER peaked at 1.28 ± 0.09 at the time of the last meal and declined for the following 2 h until stabilizing for the remainder of the night (Figure 2 ). In the first hour (1.0 ± 0.2 h), following the last meal, the RER exceeded 0.90, and in the second hour (1.0 ± 0.5 h) it was between 0.90 and 0.80. The RER remained below 0.80 for the rest of the night (8.9 h ± 0.7 h). The combined energy expenditure during the first two hours was less than 20% of the overnight energy expenditure, and conversely, the energy expenditure when the RER was less than 0.80 accounted for about 80% of the total energy expenditure ( Table 1) . 
Instantaneous and Cumulative Tracer Oxidation
In the fasted trials, the average overnight δ 13 C signature (−19.4 ± 0.03‰) was reflective of the catabolism of endogenous energy stores derived from the maintenance diet. In the fed trials, the δ 13 C signature peaked at 20.0 ± 0.8‰ in the second 10-min period following the last meal and declined to a minimum of −17.3 ± 0.2‰ throughout the night (Figure 2) . Likewise, the rate of labeled carbohydrate oxidation in each 10-min period (M rate ) peaked at 18.18 ± 1.19 J/min at the time of lights-out and decreased to a minimum value of 4.655 ± 0.412 J/min by the time of lights-on (Figure 3) . The cumulative oxidation of exogenous energy steeply increased in the first two hours of the night and continued to gradually increase until morning to a maximum of 2040 ± 119 J (Figure 4) .
On average, birds consumed 2651 ± 313 J of oxidizable energy as exogenous sugar within 45 min before lights out, and 27.2 ± 2.4 % of the energy in this meal was metabolized while the birds fed in the evening. Approximately half of the energy in the evening meal was metabolized during the nighttime (Table 2 ). Of this amount of exogenous energy metabolized during the night, about 40% was oxidized during the first hour, when RER was greater than 0.9, and 10% was accounted for during the second hour when RER was between 0.9 and 0.8. Nearly half of this was metabolized during the period the RER was less than 0.8. These fuels accounted for similar proportions of total overnight energy expenditure, but the proportion of metabolism that was supported by exogenous energy declined between each period of the night.
nighttime (Table 2 ). Of this amount of exogenous energy metabolized during the night, about 40% was oxidized during the first hour, when RER was greater than 0.9, and 10% was accounted for during the second hour when RER was between 0.9 and 0.8. Nearly half of this was metabolized during the period the RER was less than 0.8. These fuels accounted for similar proportions of total overnight energy expenditure, but the proportion of metabolism that was supported by exogenous energy declined between each period of the night. 18.8 ± 0.9 7.7 ±1.0 1.9 ± 0.6 9.1 ± 1.1 Percentage of Substrate-Specific Energy Expenditure (%) -76.1 ± 3.6 34.4 ± 7.5 11.1 ± 0.7 1 Average energy content of evening meal: 2651 ± 313 J. All values are reported as mean ± SEM (n = 6).
Discussion
Hummingbirds may endure overnight fasts by fueling their nocturnal metabolism with any nectar stored in their crop at the beginning of the night, and with endogenous fat synthesized during the day. We fed hummingbirds an isotopically-labeled evening meal and tracked how this evening meal was metabolized during the night. Our respirometry and stable isotope analyses substantiate our predictions that hummingbirds would quickly metabolize a large evening meal and that the energy in this meal would fuel a substantial portion of the overnight metabolism. Furthermore, they importantly allowed us to quantify the percentages of the last meal that were directly oxidized as carbohydrates, or later catabolized as fat.
During the first hour of the night (RER= 1.09 ± 0.04), the carbohydrates in the last meal were oxidized to support immediate energy demand or used for lipogenesis to build fat stores that supported metabolism later in the night. Surprisingly, a larger portion of the evening meal was used in lipogenesis and later catabolized as fat, instead of being directly oxidized completely to CO 2 and H 2 O as carbohydrates. In the second hour of the night, hummingbirds exhibited a rapid switch from primarily carbohydrate oxidation to primarily fat catabolism (RER = 0.84 ± 0.01). These results are in contrast with Powers (1991) , which showed RER values above 0.85 over 4 h into the night, for Anna's (4.5 g) and Costa's (3 g) hummingbirds [20] . After the first two hours of the night, low and stable RERs indicated that the hummingbirds primarily catabolized fat for the remainder of the night (RER = 0.72 ± 0.01). While our respirometry data show that sugar passed through the crop within two hours of the last feed, stable isotope analyses provide the key insights that the hummingbirds converted a substantial portion (23%) of the evening meal to fat, and that this energy accounted for a substantial portion of lipid catabolism in the last 9 h of the night (11%).
When hummingbirds consume a large meal in the late evening, the energy in this last meal may support approximately 19% of their total nighttime energy expenditure for an 11-h night. Since overnight energy expenditure did not significantly differ between fed and fasted trials, birds that fed on an evening meal expended less endogenous energy stores overnight, compared to when they did not feed in the evening. This supports previous hypotheses that an evening meal could support a significant portion of overnight energy expenditure and spare endogenous fuel stores [19, 20, 25] . Previous studies have estimated that large meals stored in the crop could support from 4 h [25] , to an entire night's [19] energy budget; however, this depends meal size (crop volume), nectar concentration, and how much of this meal is converted to fat. For example, Calder (1990) estimated that by consuming a large meal (170% of the estimated crop volume [25] ) of high concentration (38%) nectar, a bird could fuel its entire overnight metabolism with the energy in this last meal (6600 J) [19] . If the concentration of this nectar were lower or the bird consumed less nectar, the value of the meal would be lessened. Because the meal size of each bird varied, we performed simple correlation tests to evaluate how the sizes of the last meals were correlated with peak RER values and the durations that the RERs were above 0.9. These showed that the amounts of energy in the last meals were not significantly correlated with peak RER values (p = 0.57) or the durations that the RERs were above 0.9 (p = 0.75). This suggests that the rates of lipogenesis and crop-emptying may be more important factors in determining how hummingbirds use evening meals, though we may lack statistical power to detect potential effects due to small sample size. Partial conversion of an evening meal into lipids, assuming an 84% efficiency of fatty acid synthesis, suggests that the meal may not support as much of the overnight metabolism as initially calculated [11] . In the present study, the average evening meal consisted of 2651 J, though some of this energy was metabolized during the evening. If all of this meal was available at lights out and it were entirely directly oxidized, it would have accounted for 40% of the total overnight energy expenditure, or 33% if it were entirely converted to fat. If about half of the carbohydrates in the last meal were converted to fat, the total energy contribution to overnight expenditure would be about 36.5%. Thus, the degree of lipogenic activity may be an important factor in quantifying the energetic value of an evening meal. It is important to note, however, that in the present study we only tracked labeled carbon atoms from the glucose, not the fructose carbons, but it is unclear if glucose and fructose have different metabolic fates [37] . For example, studies in mammals suggest that glucose is preferentially used for lipogenesis [38] . If this pattern is similar in hummingbirds, by tracking only glucose, our estimations of how much of the last meal is directly oxidized or converted to fat could be slightly underestimated and overestimated, respectively. While further research is needed to clarify the specific metabolic fates of glucose and fructose, this caveat does not discount our observations that much of the evening meal is used for lipogenesis and is catabolized later in the night.
While our conclusions agree with the hypothesis that hummingbirds are able to support a significant portion of nighttime energy expenditure by consuming an evening meal, our study does not support the use of the crop as a 'storage depot' that could be drawn upon well into the night [20, 25] . Our results suggest that as hummingbirds ingest an evening meal, they are not able to acutely slow the passage of nectar through the crop, and so they store the majority of this energy as fat in order to reserve it for later in the night. As hummingbirds settle in at their nighttime roosts, the energetic demand of highly active tissues (i.e., flight muscles) is reduced, so much of the circulating sugar is taken up by hepatic tissue and converted to lipids [11] . As these recently synthesized lipids in the liver are more readily mobilized, they appear to be catabolized before fats stored in endogenous adipose tissue; as a result, endogenous fat stores may be spared [39] . Thus, in the beginning of the night, by directly oxidizing carbohydrates in the last meal to fuel their immediate metabolic needs and converting a large portion of these carbohydrates to lipids, hummingbirds are able to fuel their short-term energy demands and prepare for energy shortages later.
Evening hyperphagia enables hummingbirds to maximize the amount of nectar in the crop at the start of fasting period, which could have beneficial effects during energetically demanding periods such as migration or breeding seasons. First, environmental and ecological restraints may not allow some hummingbirds to synthesize adequate fat stores to survive the nocturnal fast [15, 40] . In such situations, these individuals could resort to torpor in order to reduce their overnight energy expenditure, or they could fill their crop before nighttime [15, 19] . Evening hyperphagia may be especially useful during energetically expensive periods, such as incubation or moulting, when torpor may be detrimental [14, 15, 41] . In addition, migrating hummingbirds that maximize their evening crop contents would spare endogenous fat stores and maximize lipid stores [6, 23] . By combining energy minimization (i.e., torpor) and energy maximization (i.e., evening hyperphagia) strategies, migrating hummingbirds could accumulate high endogenous fat stores, which are required to fuel long-term flights [42] .
Overall, this study confirms that an evening nectar meal is an important factor in hummingbirds' overnight energy budget management [19, 20, 25] . By combining respirometry and stable isotope techniques, we were able to quantify how an evening meal was used during the night; either method individually would not clearly track the metabolic fate of this meal. Contrary to our expectations that sugar in the last meal would be entirely directly oxidized, a substantial portion was converted to fats and used later in the night. This information may be of value for future work investigating the various strategies hummingbirds employ to balance their daily energy budgets in various ecological and seasonal contexts.
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